Several DNA sequence elements are thought to stimulate homologous recombination, illegitimate recombination, or both in mammalian cells. Some are implicated by their recurrence around rearrangement breakpoints, others by their effects on recombination of extrachromosomal plasmids. None of these sequences, however, has been tested on the chromosome in a defined context. In this paper we show how the adenine phosphoribosyltransferase locus in CHO cells can be used to study the recombinogenic potential of defined DNA sequences. As an example we have measured the effect on homologous recombination of a dinucleotide repeat, (GT) 29 , which has been shown to stimulate homologous recombination in extrachromosomal vectors 3-20-fold. On the chromosome at the adenine phosphoribosyltransferase locus, however, this sequence shows no capacity to stimulate recombination or to influence the distribution of recombination events.
INTRODUCTION
A variety of DNA sequences play direct or indirect roles in recombination. In bacteria, for example, homologous recombination is commonly initiated at Chi sites (1) and Holliday junctions are preferentially resolved at the consensus sequence ( A / T TT G / C ) (2) . DNA sequences such as topoisomerase recognition sites, which are involved in general aspects of DNA metabolism, can inadvertently stimulate illegitimate recombination through occasional mistakes by their recognition enzymes (3) (4) (5) (6) (7) (8) (9) (10) . Other DNA sequences appear to stimulate homologous or illegitimate recombination as a by-product of their biological function, as has been suggested for promoters (11) (12) (13) (14) and telomeres (15) (16) (17) (18) (19) . Still other DNA sequences may influence recombination by their effects on DNA structure, as has been proposed for GT and GC simple sequence repeats, which can form Z-DNA (20) , for certain polypurine repeats that can form intramolecular triplexes, and for inverted repeats, which can form stem-loop structures (21) .
The role that such DNA sequences play in the homologous or illegitimate recombination of mammalian chromosomes is largely undefined. Sequences such as topoisomerase sites (3) (4) (5) (6) (7) (8) (9) (10) , GT repeats (22) (23) (24) (25) and purine-rich stretches (22, 23) have been speculated to stimulate illegitimate recombination based on their recurrence at or near the breakpoints of chromosomal rearrangements. Some sequences, including GT and GC repeats (26) (27) (28) , minisatellite repeats (29) and intramolecular triplex-forming repeats (30) , have been shown to stimulate homologous recombination in transfected DNA; however, it is unclear what this means for chromosomes because the homologous recombination of transfected DNA and the homologous recombination of chromosomes follow distinctly different recombination pathways: a nonconservative pathway for transfected DNA (31, 32) and a conservative pathway for chromosomal DNA (33) . These two pathways show a dramatic difference in their sensitivity to slight sequence differences between the recombining DNAs (34) and might, therefore, respond differently to particular DNA sequence elements. The absence of a suitable way to test the effects of DNA sequences on chromosomal illegitimate recombination and the question of whether transfected DNA is a valid measure of chromosomal homologous recombination led us to develop a chromosomal test system that can potentially serve both purposes.
For these studies we chose to use the well characterized adenine phosphoribosyltransferase (APRT) gene in CHO cells, which has the advantages of defined drug selections for or against APRT function (35) , a wealth of available mutant strains (36, 37) and ready modification by gene targeting (38) . To create a test system for homologous recombination, we used a mutant cell line ATS65tg, which contains a mutation in the second exon of the APRT gene, and a targeting vector that carries an APRT deletion, encompassing a portion of exon 5 and the 3′ untranslated region of the gene, and two additional selectable genes, the herpesvirus thymidine kinase (TK) gene and the bacterial guanine phosphoribo syltransferase (GPT) gene, which flanked a segment of chromosomal DNA that lies upstream of the APRT gene (Fig. 1) . Gene targeting by this vector generates a tandem duplication that can serve as a substrate for homologous recombination. By including a potentially recombinogenic sequence (RS) in the second intron of the APRT gene in the targeting vector, we can introduce the test sequence into one copy of the tandem repeat and assay its effect on homologous recombination. One of the products of homologous recombination, generated by a crossover in the upstream *To whom correspondence should be addressed at: Department of Biochemistry, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, USA homology, becomes the substrate for testing the effects of the recombinogenic sequence on illegitimate recombination (Fig. 1) . By selecting against both GPT and APRT gene functions, we can assess the effects of the recombinogenic sequence on formation of deletions, which are one type of illegitimate recombination event. Since these two test systems are located at the same genetic locus, it will be possible to compare many potentially recombinogenic sequences for their effects on homologous and illegitimate chromosomal recombination in otherwise isogenic cell lines.
In this study we characterize the test system for homologous recombination by measuring the effects of a (GT) 29 repeat. GT repeats have been shown to stimulate homologous recombination 3-20-fold in transfected DNA in mammalian cells (26) (27) (28) . Here we show that the (GT) 29 repeat has no detectable influence on homologous intrachromosomal recombination at the APRT locus in CHO cells.
MATERIALS AND METHODS

Materials
Restriction endonucleases and enzymes were purchased from New England Biolabs or Boehringer Mannheim and used according to the manufacturer's recommendations. Medium for tissue culture and fetal calf serum were from JRH Biosciences. Alanosine was acquired from the NCI, FIAU from Oclassen Pharmaceuticals, and all other drugs used for tissue culture from Sigma.
Tissue culture and drug selections
CHO cell lines were routinely cultured in 5% CO 2 at 37_C in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum (FCS) and nonessential amino acids (nonselective medium). The mutant cell line, ATS65, contains a point mutation in APRT exon 2 that eliminates an EcoRV site and renders the cells APRT -. The spontaneous hypoxanthine/guanine phosphoribosyltransferase (HPRT) -derivative, ATS65tg r , was selected by plating 1 × 10 6 ATS65 cells/100 mm dish in 100 µM 6-thioguanine and picking a well isolated, surviving colony. APRT + cells were selected by plating 1 × 10 6 cells/100 mm plate in medium supplemented with 25 µM alanosine, 50 µM azaserine and 100 µM adenine (ALASA selection) (38) . GPT + cells were selected in medium containing 20 µM azaserine and 50 µM hypoxanthine (AHX selection) (35) . HSV-TK -cells were selected by plating 2 × 10 5 cells/100 mm plate in medium made with 10% dialyzed FCS, and supplemented with 0.3 µM fluoroiodoarabinosyluridine (FIAU) (39) . APRT -cells were were selected plating 1 × 10 6 cells/100 mm plate in medium made with 10% dialyzed FCS, and supplemented 400 µM 8-azaadenine (35) . HSV-TK -/APRT -cells were selected plating 1 × 10 6 cells/100 mm plate in medium made with 10% dialyzed FCS, and supplemented 400 µM 8-azaadenine and 0.3 µM FIAU.
Vectors
The targeting vectors used to create cell lines with the tandemly duplicated APRT locus (Fig. 1 ) contained a 6.8 kb fragment extending from the HindIII site upstream of the APRT gene to the RsaI site in APRT exon 5. Since part of exon 5 and the downstream polyadenylation sequence are missing, vectors that randomly integrate do not make the cells APRT + .
The (GT) 29 microsatellite sequence, originally identified in an APRT gene rearrangement (25) , was subcloned into the EcoRI site in APRT intron 2. The HOFRT sequence was cloned into the same EcoRI site using oligonucleotides encoding the yeast Saccharomyces cerevisiae HO endonuclease recognition sequence and the recognition sequence (FRT) for the S.cerevisiae FLP recombinase. The sequence of the HOFRT insert is: GAGTTATACTGTTGCGCGAAGTAGTCCCATAACTCGAA-TTCGCCAGCTGGAAGTTCCTATTCGGAAGTTCCTATTC-TCTAGAAAGTATAGGAACTTCGCGGCCGCCCAATTC.
A GPT expression cassette, referred to as MCIGPTpolA, was constructed essentially by replacing the NEO gene in pMCINEOpolA (40) with a GPT fragment engineered to contain a consensus Kozak sequence (41) at the start codon. The MCIGPTpolA cassette was modified by PCR to generate a BamHI site on the 5′ side of the expression cassette and a BglII site on the 3′ side and was subcloned into the BamHI site 5′ to the APRT gene. The Herpes virus TK expression cassette was supplied by Dr Mario Capecchi (42) and subcloned as a HindIII-XhoI fragment. Since the XhoI site in the TK cassette was destroyed during its subcloning, these vectors have a unique XhoI site in exon 3 of the APRT gene.
Gene targeting and electroporations
Targeting vectors were linearized by digestion with XhoI, phenol extracted and ethanol precipitated before electroporation. The linear vectors have 500 bp of 3′ homology (from the XhoI site in exon 3 to the RsaI site in exon 5) and a total of 6.3 kb of 5′ homology (from exon 3 to the 5′ HindIII site) (Fig. 1 ). Exponentially growing Figure 2 . PCR analysis. The oligonucleotide primers and their predicted products are shown above the map of the tandemly duplicated APRT genes. Primer set 1 flanks the BamHI site upstream of the duplicated APRT genes and give PCR products that are diagnostic for the presence of the GPT cassette. Primer set 2 is specific for the downstream APRT duplication since the 3′ primer is complementary to sequences in exon 5 that are not present in the upstream APRT gene. In gene conversion and popout recombinants that have picked up the exon 2 EcoRV site mutation, the primer-set 2 PCR products are resistant to EcoRV cleavage. Primer set 3 is specific for the upstream APRT copy and is diagnostic for the tandemly duplicated gene structure since the 3′ primer is complementary to plasmid backbone sequence.
ATS65tg r cells were harvested by trypsinization, resuspended in nonselective medium and electroporated as previously described (43, 44) . These cells were plated at 1 × 10 6 cells/100 mm dish and allowed to recover for 2-3 days before adding ALASA or AHX selection medium. The plates were incubated for 2 weeks before picking independent ALASA resistant colonies. All of the cell lines except for line GSE3 were recloned by limiting dilution prior to measuring recombination rates.
Fluctuation analysis
Recombination rates were measured by Luria-Delbruck fluctuation tests and the rates were calculated according to Lea and Coulson using the method of the median (45, 46) . Fluctuation tests were done by seeding independent parallel cultures of 50-100 cells per well in 24 well plates and expanding to 2-4 × 10 7 cells before replating for drug selections. For drug selections, each culture was harvested by trypsinization, resuspended in nonselective medium with 10% dialyzed FCS, and plated in three different drug selections. A total of 1 × 10 6 cells per independent culture were plated in FIAU for determining the number of TK -cells, 5 × 10 6 cells in 8-azaadenine for APRT -cells, and 1 × 10 7 cells in both FIAU and 8-azaadenine for TK -, APRTcells. Cells were grown for 2 weeks before picking drug-resistant colonies and staining plates for colony counts.
Analysis of recombination products
One colony from each parallel culture and each drug selection was picked for further analysis. Each colony was picked with a sterile Eppendorf tip and transferred into an individual well in a 24 well dish. Colonies were expanded in nonselective medium and harvested for DNA or frozen for storage at -80_C.
Cell DNAs from the drug resistant colonies were prepared by a large-scale procedure from a 100 mm dish (47) or by a small-scale procedure (48) from cells grown in 24 well dishes. For small scale DNA preparations, cell lysates were transferred to 1.5 ml Eppendorf tubes and the DNA purified by phenol, phenol-chloroform, chloroform extractions, precipitated with ethanol, and resuspended in 30 µl 10 mM Tris-HCl, 0.1 mM EDTA, pH 7.6.
DNA analysis
Southern analysis. Restriction endonuclease digested DNAs were subjected to electrophoresis through an 0.8% agarose gel, or 0.4% gel for BclI digests, and transferred by capillary action onto Hybond N or Zetaprobe membranes with 0.4 N NaOH. Hybridizations were done according to the manufacturer's recommendations with random primed, [ 32 P]dCTP labelled probes (49) . Filters were washed with 3× SSC and 0.1× SSC at 65_C and exposed with Kodak X-omat AR film with an intensifying screen at -80_C.
PCR analysis. The map of oligonucleotide primers used for the analysis of recombination products is shown in Figure 2 . Their sequences are available on request. The reactions (25 µl) were done in 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton X-100, 200 µM each dNTP, 0.3 µM each oligonucleotide primer, 2.5 U Taq polymerase and 1.0 µl DNA. PCR products were digested by adding the appropriate restriction buffer, 5-10 µl PCR reaction and 10 U restriction endonuclease in 10-20 µl final volume. The products were analyzed by agarose gel electrophoresis. The distribution of recombination products was analyzed using Chi squared analysis (50) or Fisher's exact test (51) .
PCR with primer set 3 distinguished between tandemly duplicated APRT gene structures, which yielded a 1.8 kb product and crossover recombinants which yielded no product (Fig. 2) . The status of the GPT cassette was determined by PCR with primer set 1 (Fig. 2) . Cell lines with duplicated APRT gene structures containing GPT yielded two diagnostic PCR products of 0.2 and 1.1 kb, whereas only one or the other of these products was generated for crossover recombinants or gene convertants in which the GPT cassette was converted to the wild-type sequence. The status of the intron 2 insert sequences and the exon 2 EcoRV polymorphism in the downstream APRT duplication were determined by PCR with primer set 2 (Fig. 2) ; a 1.9 kb product indicated no insert, 2.0 or 2.1 kb the presence of HOFRT or (GT) 29 sequences respectively. Restriction endonuclease digestion of these PCR products by EcoRV was used to determine the status of the EcoRV site; PCR products from APRT -cells that were not cleaved by EcoRV were classified as recombinants, whereas PCR products from APRTcells that were cleaved by EcoRV were classified as APRT mutants. A similar analysis was done for the upstream APRT duplication using primer set 1 (Fig. 2) .
DNA sequencing
Sequencing was done using the Stratagene Cycle Sequencing kit according the manufacturer's instructions. To verify that there was complete homology between the vector and cellular APRT sequences, we sequenced the 2.3 kb of APRT, from the BamHI site 5′ to the APRT promoter to the RsaI site in exon 5, that is common to the targeting vector pGS12, which contains the (GT) 29 insert, and PCR products from ATS65tg r chromosomal DNA.
RESULTS
Construction of cell lines
To test the influence of a (GT) 29 repeat on chromosomal recombination, we modified the hamster chromosomal APRT locus by gene targeting to create three sets of cell lines containing identical tandemly duplicated structures, except for the inserted sequences in intron 2 of the downstream copy of the APRT gene (Fig. 3C) . Cell lines GSC4 and GSC6 contain no insert. Cell lines GSB2 and GSB5 contain a (GT) 29 repeat, which was originally identified in an APRT gene rearrangement (25) and was subcloned in intron 2 of APRT on a 200-bp fragment. Cell lines GSE1 and GSE3 contain a synthetic DNA fragment (HOFRT), a 114-bp sequence that carries the recognition sites for the HO endonuclease and the FLP recombinase (neither enzyme was used in these studies) and that we anticipated would have no effect on recombination. Since these cell lines have identical gene structures, except for the inserted sequences in intron 2, we can directly compare recombination among them.
Each of the APRT + , GPT + and HSV-TK + targeted recombinants were confirmed by Southern analysis to have the correct gene structures (Fig. 3) . The tandemly duplicated APRT gene structures, when digested with BamHI and HindIII and probed with the APRT BamHI fragment, yielded a 7.0-kb band from the upstream APRT duplication and a band of ∼4.0 kb from the downstream repeat. Structures with no insert in the downstream copy gave a 3.9 kb fragment; structures with a HOFRT insert gave a 4.0 kb fragment; structures containing the (GT) 29 insert gave a 4.1 kb fragment (Fig.  3B) . The duplicated APRT gene structure was verified by genomic digests with BclI, which cuts outside the locus to give a single diagnostic band of 28 kb for targeted cells (Fig. 3A) . The presence of the GPT cassette and the mutant EcoRV site in the upstream APRT duplication was verified in Southern blots of EcoRV genomic digests (Fig. 3B) , which yielded diagnostic bands of 13, 7.6 and 1.0 kb.
Crossover analysis
Rates of crossover (popout) recombination, which eliminate one copy of the repeat and the intervening plasmid sequences (Fig. 4B) , were measured in fluctuation analysis using two different selection protocols. FIAU alone was used to select for crossover products originating from any of the four intervals shared by the tandem duplications. FIAU and 8-azaadenine were used to select for APRT -,TK -recombinants originating from crossovers downstream of the exon 2 EcoRV site in intervals 3 or 4 (Fig. 4) .
To ensure that any difference in recombination rates reflected the influence of the insert sequences and were not due to clonal variation, we tested a total of six independent cell lines, two each for the three different cell lines. No significant differences were observed between pairs of cell lines in these experiments (Fig. 5) .
Rates of crossover recombination throughout the entire 6.8 kb of shared homology were measured by fluctuation analysis using the selection for TK -cells (Fig. 5A) . Cell lines GSC4 and GSC6 (no insert) gave rates of 1.5 × 10 -6 per cell per generation; cell lines GSE1 and GSE3 (HOFRT insert) gave rates of 1.2 × 10 -6 per cell per generation; and cell lines GSB2 and GSB5 [(GT) 29 insert] gave rates of 1.5 × 10 -6 per cell per generation. These rates are somewhat higher than the true rates of crossover recombination since PCR and Southern analysis of 68 independent TK -colonies revealed that only 65% were recombinants ( Table 1) . The remainder, which still retained the original duplication, presumably arose by mutation of the TK gene or by inactivation of the gene via methylation. We have not analyzed these cells to determine the nature of the gene inactivation and will refer to them simply as TK mutants.
Rates of crossover recombination in the 1.7 kb of homology that spans the site of the insert (Fig. 4, intervals 3 and 4) were measured by fluctuation analysis using TK -and APRT -selections (Fig. 5B) . Cell lines GSC4 and GSC6 (no insert) gave rates of 0.75 × 10 -7 per cell per generation; cell lines GSE1 and GSE3 (HOFRT insert) gave rates of 1.3 × 10 -7 per cell per generation; and cell lines GSB2 and GSB5 [(GT) 29 insert] gave rates of 1.6 × 10 -7 per cell per generation. Analysis of 70 independent TK -, APRT -colonies showed that they all arose by crossover recombination (Table 1) . Rates of recombination measured by TK -, APRT -selection were lower than those measured by TK -selection for two reasons: only true crossover recombination was measured and the recombination interval was smaller (1.7 versus 6.8 kb). Within the limits of detection of fluctuation analysis, which we estimate to be no better than a factor of two, these two measures of rates of crossover recombination (over the entire region of homology and over the 1.7 kb of homology that spans the insert site) show no significant differences among cell lines with no insert, the HOFRT insert, and the (GT) 29 containing insert.
Conversion analysis
Rates of gene conversion, in which information was transferred from the upstream copy of the repeat to the downstream copy (Fig. 4C) , were measured by fluctuation analysis using 8-azaadenine selection for APRT -cells. Analysis of 88 independent APRT -colonies showed that 83% arose by gene conversion (the transfer of the EcoRV mutation from the upstream APRT copy to the downstream copy), 13% arose by crossover, and the remaining 4% arose by spontaneous mutation of the downstream APRT gene (Table 1) . Spontaneous APRT -mutants are readily distinguished from true gene convertants because they retain the wild-type EcoRV site in exon 2. All cell lines gave comparable rates of conversion: cell lines GSC4 and GSC6 (no insert) gave rates of 1.6 × 10 -6 per cell per generation; cell lines GSE1 and GSE3 (HOFRT insert) gave rates of 1.2 × 10 -6 per cell per generation; and cell lines GSB2 and GSB5 [(GT) 29 insert] gave rates of 1.6 × 10 -6 per cell per generation (Fig. 5C) .
Distribution of recombination events
Determining the distribution of events was made possible by three sequence differences that exist between the upstream and downstream duplications: the 800-bp GPT gene adjacent to the downstream APRT allele, the 1-bp mutational difference at the EcoRV site in exon 2, and the 114-bp HOFRT insert or the 200-bp (GT) 29 -containing insert in the downstream copy. These three sequence differences divide the region of homology into four segments (Fig. 4) .
To measure the distribution of crossover and conversion events in the intervals of homology, we used PCR and Southern blotting to determine the status of the markers that define the recombination intervals (Fig. 4) . Overall, we analyzed 198 independent recombinants that arose in the fluctuation experiments described above (Table 1) . A map of the PCR primers and their predicted Figure 2 ; the details of PCR analysis are described in Materials and Methods. Structures of the common crossover and conversion products are shown in Figure 4B and C.
Crossover recombinants obtained using TK -selection occurred in all four intervals that make up the 6.8 kb of homology (Table 2A) . Based on the lengths of the intervals, we expected that twice as many crossovers would occur in interval 1 (4.5 kb) as occurred in the sum of intervals 2-4 (2.3 kb). The distributions of crossovers observed for the HOFRT insert 15:5, and for the (GT) 29 insert, 8:5, do not differ significantly from the expected 2:1 ratio (P = 0.05).
Crossover recombinants isolated using TK -, APRT -selection occurred in intervals 3 and 4 (Table 2B ). Based on the lengths of interval 3 (0.7 kb) and interval 4 (1.0 kb), we expected a 7:10 distribution of crossovers between the intervals. The distributions of crossovers for the HOFRT insert, 10:18, and for the (GT) 29 insert, 15:11, do not differ significantly from the expected ratio (P = 0.05).
Over 60% of gene convertants recovered from the APRTselections involved conversion only of the downstream APRT exon 2-EcoRV site (Table 2C ). The remaining APRT -cells had coconverted the EcoRV mutation in the 3′ APRT duplication, along with the GPT cassette, the insert, or both.
DISCUSSION
In this paper we describe the development of the APRT locus in CHO cells as a system to test the effects of repeated DNA sequences and functional DNA elements on homologous and illegitimate recombination involving mammalian chromosomes. We chose to focus on a native locus to avoid potential problems with randomly integrated recombination substrates, which reside in uncharacterized chromosomal locations and often display 'position effects' that have been detected as large variations in levels of gene expression (52, 53) , rates of spontaneous mutation (54) (55) (56) (57) , and frequencies of homologous recombination (58) (59) (60) (61) . The different behavior of reporter genes in various chromosomal locations may be due to the chromosomal context or arise because of the substantial chromosomal rearrangements commonly associated with random integration (62) (63) (64) .
As a test of the APRT system we investigated the influence of a (GT) 29 microsatellite sequence on homologous chromosomal recombination. Microsatellite sequences have been associated with gene rearrangements (24) (25) and similar GT repeats have been shown to stimulate extrachromosomal recombination 3-20-fold (27, 28) and to affect the intervals used for recombination between vectors (28). Our results show that a (GT) 29 repeat at the APRT locus behaves no differently than the innocuous HOFRT insert; it does not stimulate the rates of crossovers or gene conversions, nor does it change the distribution of recombination products. From other studies we know it is possible to stimulate recombination at the APRT locus; expression of the I-SceI endonuclease in a cell line that carries the recognition site at APRT stimulates intrachromosomal crossovers and gene conversions by >100-fold (Sargent, Brenneman and Wilson, unpublished observations).
This difference in the measured effects of GT repeats on chromosomal and extrachromosomal recombination may relate to fundamental differences in mechanism: chromosomal recombination appears to follow a conservative pathway, consistent with double-strand break repair (65) , whereas extrachromosomal recombination proceeds via a nonconservative pathway, consistent with single-strand annealing (31, 32, 66, 67) . These mechanistic differences have been observed for different vectors and cell lines for both extrachromosomal and chromosomal recombination, and could be explained by any number of characteristics relating to chromatin structure, transcription, or replication that influence the accessibility of GT repeats to participate in recombination. It is apparent, however, from the results presented here that microsatellite sequences cannot stimulate recombination under all circumstances.
In addition to testing the effects of the GT repeat, these studies characterize intrachromosomal recombination at the APRT locus and lay the foundation for future comparisons of the effects of potentially recombinogenic sequences. The 6.8 kb of APRT homology examined in these studies apparently contains no significant recombination hotspots or coldspots, since crossover recombinants are distributed in the intervals of homology as expected based on their length. In experiments in which TKrecombinants were selected in cell lines containing the HOFRT or (GT) 29 insert, we isolated a total of 23 recombinants from interval 1 (4.5 kb) versus 10 recombinants from intervals 2-4 (2.3 kb). Similarly, in experiments that selected for TK -, APRT -recombinants in the same cell lines, we isolated a total of 25 recombinants from interval 3 (0.7 kb) versus 29 recombinants from interval 4 (1.0 kb).
The proportions of crossover recombinants and gene convertants at the APRT locus is about the same as measured previously in mouse L cells, where it was shown that gene conversion occurred ∼5-10 times more frequently than crossover recombination (33, 58, 68, 69) . The average rate of gene conversion in cell lines with no insert, the HOFRT insert, and the (GT) 29 insert is 1.2 × 10 -6 (Fig. 5A , corrected for crossovers and mutations), which is 10-fold greater than the average rate of 1.2 × 10 -7 for crossover recombination (Fig. 5B) . Similarly, gene convertants (73 events) were recovered ∼7-fold more frequently than crossover recombinants (11 events) among the survivors of selection for APRT -cells (Table 1) .
By contrast, gene conversion tracts at APRT seem to be longer and less sensitive to nonhomology than in mouse L cells. In L cells conversion tracts averaged <358 bp (69) and nonhomologies of 100 bp and 1.5 kb reduced conversion ∼10-and 100-fold respectively (59, 70) . At the APRT locus, ∼35% of the convertants recovered from cell lines that contained the HOFRT insert or the (GT) 29 insert had coconverted the EcoRV mutation along with the GPT cassette (4 events), the insert (8 events) or both (9 events) ( Table 2C ). The physical separation of these markers indicates that conversion tracts at APRT commonly extend from 600 bp to >1.3 kb. In addition, the roughly equal coconversion of the inserts (114 and 200 bp) and of the GPT cassette (800 bp) suggests that nonhomologies within this size range do not seriously impede the conversion process.
The minimal effects of nonhomology on conversion tracts was also borne out in analysis of crossover recombinants. Fifty APRT -, TK -crossover recombinants were analyzed for the presence of the GPT cassette, which should be deleted by a simple crossover in interval 3 or 4 (Fig. 4A) . Eleven of these (22%) were shown to retain the GPT cassette (Fig. 4D) , indicating a high frequency of conversion associated with crossover events (data not shown).
Most of the conversion events at APRT give no information about how they were formed; they could have arisen either by heteroduplex formation or by copying of the intact upstream repeat after breakage of the downstream copy and degradation of the ends beyond the position of a marker (65) . One novel convertant, however, presumably arose by reciprocal heteroduplex formation since the EcoRV mutation and the insert were exchanged between the upstream and downstream copies of APRT (Fig. 4D) . Similarly, all of the conversion events that were associated with crossover recombinants are likely to have involved heteroduplexes that included the GPT cassette; they could not have arisen by copying after breakage of the downstream APRT repeat.
In summary, we have developed the APRT locus as a test site to study the effects of particular DNA sequences on recombination in mammalian cells. Here, we have tested the effects of a (GT) 29 repeat on intrachromosomal recombination. Crossover products from these experiments can now be used to investigate the effects of the GT repeat on other types of recombination. Products derived from crossovers in interval 1, which carry a wild-type GPT gene and a functional APRT gene containing the GT repeat (Fig. 4B) , can be used to study the effects of the GT repeat on deletion formation (one form of illegitimate recombination) by selecting for simultaneous loss of GPT and APRT functions. Similarly, products derived from crossovers in interval 3, which carry a mutant APRT gene containing the GT repeat (Fig. 4B) , can be used to test the effects of the GT repeat on targeted recombination. This general approach allows any DNA sequence to be tested for its effects on several types of recombination in mammalian cells. Moreover, the effects of different sequences can be directly compared since all measurements are made at the same site in a defined chromosomal context. To facilitate the introduction of various test sequences, we have recently adapted the FLP/FRT
